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Solute transport through RO membranes
150
Solute transport across an RO membrane is generally described by the irreversible 151 thermodynamics, pore-flow, or solution-diffusion models [14, [41] [42] [43] . The irreversible 152 thermodynamic model [42, 43] has been widely used to describe and quantify the transport of 153 solvent and solutes through RO membranes using a set of phenomenological equations. 154
Nevertheless, it provides no insight into membrane properties and solute transport 155 mechanisms. Thus, the model is not suited to describe the transport of solvent and solutes 156 based on the membrane free-volume hole-radius. The pore-flow model is essentially based on 157 a fixed free-volume hole network within the membrane matrix [41, 44] . This model describes 158 the transport of solutes through these holes by pressure-driven convective flow, which can 159 separate solutes under a size exclusion mechanism. Within this model, free-volume hole-size 160 is an important parameter governing the diffusion and convection of solutes through the 161 active skin layer. 162
In contrast to the pore-flow model where permanent free-volume holes exist in the active skin 163 layer, the solution-diffusion model is based on the concept of a "non-porous" membrane. Salt 164 transport through RO membranes in most studies is described with diffusion -the basis of the 165 solution-diffusion model. In this model, the separation of solutes through a membrane occurs 166 due to the difference in solubility and mobility of solutes that are dissolved in the membrane 167 matrix [14, 45, 46] . The driving force producing the separation is a concentration gradient 168 
where ΔP and Δπ, respectively, are the pressure difference and osmotic pressure difference 174 across the membrane, A is the water permeability constant and 175
where D i is the water diffusion coefficient, K i is the water sorption coefficient, c i0 is the 177 concentration of water in the feed, V i is the molar volume of water, l is the membrane 178 thickness, R is the gas constant, and T is the water temperature. Similarly, the salt flux (J j ) 179 across the RO membrane can be written as 180 
Separation performance of commercial RO membranes
204
The rejection of sodium chloride (NaCl) is usually used to describe the separation 205 performance of RO membranes. Typically TFC-based SWRO membranes can readily achieve 206 more than 99.5% NaCl rejection at a high salt concentration (e.g., 30,000 mg/L) and pressure 207 (e.g., 5.5 MPa) [3] . Low pressure reverse osmosis (LPRO) membranes, designed for low 208 salinity water applications (e.g., pre-treatment of ultrapure water, boiler water, brackish water 209 and wastewater recycling), attain moderate to high salt rejection (e.g., 99.3-99.7%) ( Table 1) . 210 LPRO membranes employed in water recycling applications are expected to remove some 211 trace organic chemicals (TrOCs) in addition to salts [49, 50] . In contrast to RO membranes 212 which reject most monovalent ions, nanofiltration (NF) membranes have a low NaCl rejection 213 but can achieve sufficient removal of multivalent ions such as magnesium, calcium and 214 phosphate. Although sodium ion is a very small solute (molecular mass = 23 g/mol), in an 215 aqueous solution it exists in a hydrated form which is several times larger than the naked ion. 216
Hydrated sodium ions can be larger in diameter than the free-volume hole of the RO active 217 skin layer [27] . As a result, most hydrated ions will be rejected by RO membranes, resulting 218 in a high salt rejection. Most if not all charged compounds also exhibit high rejection by RO 219 membranes by electrostatic repulsion and size exclusion mechanisms [51] . 220 length is within a few nm [60] . With this approximation, the measured value of positron 331 annihilation parameters Q can be given by
. When positrons are 332 injected into a sample with distinct multi-layers, Q is given by using the stopping probability 333 η i and intrinsic positron annihilation parameters Q i in the layer number i (e.g., i = 1 is the top 334 layer and i = 2 is the second layer located under the top layer) as follows: 335
where x i is the depth from the surface to the interface between the layer of i -1 and the layer i. A typical example of a positron lifetime measurement system using a slow positron beam is 346 described in Figure 6b 2-γ decay probability of o-Ps due to the pick-off annihilation increases with decreasing free-370 volume hole-size and consequently 3-γ decay probability decreases. Therefore, we can obtain 371 information on free-volume hole-size if we measure ratio of 2-γ decay to 3-γ decay. When o-372
Ps is annihilated with 2-γ decay, γ-ray energy is detected at 511 keV. On the other hand, o-Ps 373 annihilated with 3-γ decay is detected at a lower energy with a broader distribution (e.g., 365-374 495 keV) [22] . The 3-γ/2-γ annihilation ratio is evaluated by analysis of the energy spectrum. 375
The γ-ray energy spectra can be collected by using a Germanium detector [62, 63] . With the 376 slow positon method, the top surface of the sample can be analysed by DBAR. DBAR is 377 useful to qualitatively evaluate changes in chemical composition, electron bonding state, and 378 free-volume hole-size. Although this review focuses particularly on PALS which is directly 379 linked to the measurement of free-volume hole-radius, it is noteworthy that DBAR can be 380 used in conjunction with PALS to analyse the inner structure of free-volume holes. 381 (Table 3 ). There is thus only a small variation in free-volume hole-radius among the three 390 different membrane categories (i.e., SWRO, LPRO and NF), while the separation of neutral 391 solutes (i.e., boron and NDMA) apparently increases in the order of NF, LPRO and SWRO 392 (Table 1 ). The overall trend reported suggests that membrane classification (i.e., NF, LPRO 393 and SWRO) is not necessarily based on the free-volume hole-radius. Discussions about the 394 importance of free-volume hole-radius on solute rejection are provided in Section 4. It is 395 important to note that free-volume hole-size is equivalent in size to monomers comprising the 396 active skin layer. For example, m-phenylenediamine and trimesoylchloride, which are 397 traditionally used for the interfacial polymerisation of the active skin layer [72] , are 398 approximately both 0.35 nm in width and 0.9 and 1.5 nm in length, respectively. These small 399 monomers allow the construction of subnanometre-scale polymer network with free-volume 400 holes. 401 
Characterisation of RO membranes
403
PALS using a slow positron beam allows the depth profile of free-volume hole-radii to be 404 evaluated. An example using a LPRO membrane (LF10, NittoDenko) is shown in Figure 9a for different RO membranes, their real local water flux can vary depending on the membrane 503 surface conditions. In general, a rougher membrane has a larger surface area (Section 2.1), 504 leading to a higher permeability (Table 4) . Membranes with a small surface roughness have a 505 real surface area similar to the apparent surface area. As a result, their real local water flux 506
can be similar to the tested experimental water flux (Table 4) . In contrast, membranes with a 507 rougher surface (i.e., a higher surface area) can have a lower real local water flux under the 508 identical apparent water flux. As a result of the decreased local water flux, solute rejection 509 also decreases (Table 4) as described in Section 2.2. To evaluate this mechanism, PAS can 510 play an important role in confirming the free-volume hole-radius and thickness of the target 511 membranes. 512 previous studies [20] [21] [22] 70] revealed that free-volume hole-radius in the active skin layer is a 524 key property governing the rejection of small and neutral solutes. Nevertheless, these 525 rejections are not solely dependent on free-volume hole-radius, and there may still be 526 uncertainties with respect to the impact of several other membrane properties. These include 527 free-volume hole-shape, hole-size distribution, and free-volume fraction. While the 528 contribution of these properties to the rejection of uncharged solutes remains unclear, the 529
quantification of these membrane properties can greatly assist in furthering our understanding 530 of solute-membrane interaction during RO filtration. 531
Firstly, free-volume hole-shape can play an important role in the rejection of solutes. Kiso et 532 al., [79] investigated the effects of compound shape on their rejection and reported that the 533 shape of compounds is an important parameter governing their rejections. Thus, a large 534 variation in separation performance is expected among RO membranes with identical free-535 volume hole-radii but with different shapes. In addition, local segmental dynamics of the 536 polymer chain surrounding a free-volume hole in water, which cannot be evaluated by PAS, 537 but is of great interest. The impact of the local segmental dynamics on the shape and size of 538 free-volume holes, in particular at a high temperature, may be significant. It is noteworthy 539 that free-volume holes analysed using PALS are assumed to be spherical and their shapes 540 cannot be determined by PALS; thus, another analytical technique needs to be developed to 541 clarify the impact of hole geometry on the measurements. 542
The size distribution of free-volume holes is another potential factor. Given that free-volume 543 hole-size is one of the most important factors, quantification of the hole-size distribution 544 rather than the mean value is required. In typical PALS, free-volume hole-radius is 545 determined as the mean value as described in Section 3. respectively. Despite the difficulty in understanding the complete annihilation process of all 555 of positrons through o-Ps formation in a sample, it is necessary to reconcile the difference 556 between the actual properties (i.e., hole-shape and hole-size distribution) and the underlying 557 assumption of current PALS techniques (i.e., spherical shape and uniform size). 558
In addition, the free-volume fraction of the active skin layer could also be key factors that 559 influence solute rejection. PAS techniques available to date are not able to quantify the free-560 volume fraction. This suggests that analytical techniques other than PAS may be required to 561 quantify the free-volume fraction of the active skin layer. Additionally, hole-connectivity is of 562 great interest for understanding solute transport, given that the difference in solute transport 563 phenomenon between the representative two models (i.e., solution-diffusion and pore-flow 564 models) is essentially the permanency of free-volume holes [ increasing relative humidity from 0 to 100% due possibly to hole swelling effects [24] . 576
Swelling may expand the polymer network, hence, influencing the membrane permeability 577 and selectivity [66, 83] . Although PALS analysis with a slow positron beam under water may 578 be impossible, the impact can be partly clarified by utilising a pulsed beam PALS which is 579 designed to analyse membranes under atmospheric conditions with high humidity [84] . A 580 recent development in PALS allows thin films to be successfully analysed under a range of 581 humidity [85] . There are only a few studies to date where polyamide-based TFC membranes 582 were analysed in a wet state using a slow positron beam [62, 66] . They developed a method 583 that membrane samples are maintained under wet conditions with multiple additional layers 584 placed on the membrane in sealable membrane sample folder. The effect of using a membrane 585 in a wet state in the study [62] was consistent with the previous study where relative humidity 586 was adjusted [24] ; that is, free-volume hole enlarges with water content by hole swelling. 587
Complementary techniques
588
As described in Section 5.1, solute rejection by RO membranes can be governed by not only 589 the free-volume hole-radius but also other factors such as hole-shape, hole-size distribution, 590 and free-volume fraction of the active skin layer that may not be measured by PALS. 591
Molecular dynamics (MD) simulation has significant potential to fill the gap and may achieve 592 a breakthrough in understanding the mechanisms of solute rejection. MD simulation has 593 increasingly used to predict solute and water transport through RO membranes at the 594 molecular level [86, 87] . MD simulations, which are based on computational models of 595 molecular systems, are capable of describing the solution-and solute-diffusion through 596 membrane polymer chains. 597
A three-dimensional representation of the active skin layer for MD simulation using 598 physicochemical properties (e.g., material compositions, charge density of functional groups, 599
and cross-linking degree) can be constructed. By optimising the polymer chain energy, the 600 three-dimensional representation can then provide further insight about free-volume shape, 601 free-volume fraction, and connectivity of free-volume, which cannot be currently determined 602 by PAS including PALS. The change of molecular structure in pure water as well as in saline 603
water that could occur due to the local segmental dynamics of the polymer chain may also be 604 simulated. 605 An example of MD simulation of the transport of Na + , Cl -, and water in a polyamide layer is 606 shown in Figure 13 [13]. The diffusivity of water and target compounds in the membrane can 607 be quantified through the MD simulation. As summarised in Table 5, the calculated Na   +   608 diffusivity (D Na + ) in the polyamide is much smaller than that for the calculated water 609 diffusivity (D water ) leading to a very large selectivity (D water /D Na + ), an order of magnitude 610 greater than for an aqueous NaCl solution. Because hydrated Na + is larger than water 611 molecule in size, the number of free-volume holes in the molecular model that hydrated Na + 612 can occupy was far less than that of water molecule. In fact, the mean radius of free-volume 613 holes determined by PALS (r = 0.24-0.27 nm) was smaller than the first hydration shell size 614 of Na + , which is approximately 0.35 nm [13] . It was postulated that the size of the solute 615 (Na + ) being larger than most of free-volume holes contributed to the large selectivity 616 (D water /D Na + ) in the membrane [13] . Similarly, the impact of free-volume holes on neutral 617 solute rejection can also be evaluated by calculating the diffusion coefficients of the solute in 618 the membrane and identifying free-volume holes in the molecular model that are available for 619 the solute to diffuse through. Despite the progressive development and the versatility of MD 620 simulation, it is still necessary to cross-check free-volume hole-size determined by PALS 621 with that calculated by the model. The molecular model used for MD simulation is typically 622 developed by three dimensionally interconnecting a certain length of polymer chains; thus, 623 ensuring the modelled structure represents realistically the molecular structure. In fact, several 624 previous studies [13, 19, 66, 88] have attempted to simulate NaCl permeation through TFC 625 membranes using MD simulations and PAS data. To the best of our knowledge, no studies 626 have simulated the transport of small and neutral solutes (e.g., boric acid) through RO 627 membranes. 628 
